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SUMMARY

Histone modification and DNA methylation are associated with varying epigenetic “landscapes”,
but detailed mechanistic and functional links between the two remain unclear. Using the ATRX-
DNMT3-DNMT3L (ADD) domain of the DNA methyltransferase Dnmt3a as a paradigm, we
apply protein engineering to dissect the molecular interactions underlying the recruitment of this
enzyme to specific regions of chromatin in mouse embryonic stem cells (ESCs). By rendering the
ADD domain insensitive to histone modification, specifically H3K4 methylation or H3T3
phosphorylation, we demonstrate the consequence of dysregulated Dnmt3a binding and activity.
Targeting of a Dnmt3a mutant to H3K4me3 promoters decreases gene expression in a subset of
developmental genes and alters ESC differentiation, whereas aberrant binding of another mutant to
H3T3ph during mitosis promotes chromosome instability. Our studies support the general view
that histone modification “reading” and DNA methylation are closely coupled in mammalian cells,
and suggest an avenue for the functional assessment of chromatin-associated proteins.

INTRODUCTION

Histone modification and DNA methylation comprise two distinct modes of chromatin
regulation that are essential in establishing patterns of gene expression during development.
Although they are often considered separately, histone modification and DNA methylation
are linked in various organisms (Smith and Meissner, 2013; Suzuki and Bird, 2008; Cedar
and Bergman, 2009). Two models have been proposed to explain this interrelationship. In
one, DNA methylation and cis-acting DNA sequences direct the pattern of downstream
histone modification; DNA methylation-reading proteins such as MeCP2 engage complexes
containing histone deacetylases, which induce repressive chromatin states (Jones et al.,
1998; Nan et al., 1998), and unmethylated CpG-dense DNA sequences recruit histone
methyltransferases leading to ectopic trimethylated H3 at lysine 4 (H3K4me3) (Thomson et
al., 2010). Alternatively, another model proposes that histone modification is required for
downstream DNA methylation. Pioneering studies in fungi and plants indicate a link
between histone H3 lysine 9 trimethylation (H3K9me3) and DNA methylation (Jackson et
al., 2002; Tamaru and Selker, 2001). In mouse ESCs, the H3K9me3-reading protein HP1
recruits de novo DNA methyltransferases (Dnmts), and the loss of H3K9me3 decreases
DNA methylation at H3K9me3-dense pericentromeric repeats (Lehnertz et al., 2003). As of
yet, mechanistic insights into the molecular details underlying the relationship between
DNA methylation and histone modification in support of either of these two models is
lacking.

Previous biochemical studies indicate that H3K4 methylation status is closely associated
with DNA methylation. Specifically, the ATRX-DNMT3-DNMT3L (ADD) domain in the
de novo Dnmts preferentially binds histone peptides containing unmodified histone H3
lysine 4 (H3K4me0), but not H3K4me3 (Ooi et al., 2007; Otani et al., 2009; Zhang et al.,
2010). Genomic regions enriched with H3K4me3 consistently mark CpG islands (CGl),
which are located mainly at gene promoters and are mostly free of DNA methylation
(Edwards et al., 2010; Meissner et al., 2008; Mikkelsen et al., 2007). Therefore, it has been
suggested that H3K4me3 disrupts the binding of de novo Dnmts and maintains a
hypomethylated DNA state at the majority of CGI. Besides H3K4me3, phosphorylation
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within the H3 N-terminus, such as at H3 threonine 3 (H3T3ph) and at serine 10 (H3S10ph),
disrupt ADD binding in vitro (Zhang et al., 2010). However, the molecular basis underlying
the antagonistic effect of H3 phosphorylation and ADD binding and its functional
consequences in vivo remain unclear.

The relationship between histone modification and DNA methylation is of particular interest
in embryonic stem cells (ESCs). These cells are uniquely capable of differentiating into all
three embryonic germ layers (ectoderm, mesoderm, and endoderm) by integrating
transcription-factor expression, environmental signals and chromatin modifications (Young,
2011). To direct this developmental variation, ESCs initiate de novo DNA methylation and
trigger dynamic histone alterations (Smith and Meissner, 2013). ESCs express maintenance
Dnmtl and high levels of de novo Dnmts. The knockout of any single Dnmt results in
embryonic or postnatal lethality in mice (Lei et al., 1996; Okano et al., 1999). However,
triple knockout (TKO) ESCs lacking Dnmt1, Dnmt3a, and Dnmt3b are viable and can self-
renew (Tsumura et al., 2006) suggesting that ESCs have a safeguarding mechanism against
variations in DNA methylation. Once ESCs and TKO ESCs begin to differentiate, DNA
methylation is essential for cell viability. Thus, TKO ESCs provide an ideal cellular model
to study the potential relationships between histone modification and de novo DNA
methylation and their contribution to the establishment of cellular states.

Here, by solving a co-crystal structure of the ADD of Dnmt3a (ADD3,) in complex with the
H3 N-terminus, we have identified not only residues known to specify unmodified H3K4
but also an amino acid crucial for recognizing the unmodified H3T3 state. Using structure-
based protein engineering, we generated separate mutations in the ADD3, that allow
Dnmt3a to bind to H3K4me3 or H3T3ph. When expressed in TKO ESCs, the engineered
mutant insensitive to H3K4 methylation, but not H3T3ph, binds to a subset of CGI marked
with H3K4me3 and induces modest DNA methylation at targeted genomic loci. Moreover,
this mutant exhibits transcriptional defects in a subset of H3K4me3-enriched developmental
genes that lead to a failure to specify a lineage upon differentiation. By contrast, the ADD
mutant insensitive to H3T3ph remains inappropriately bound to chromatin during mitosis,
resulting in chromosome instability. Taken together, our structure-function studies with the
ADD3, underscore the biological significance of the precise interplay between histone H3
modifications and DNA methylation in mammalian pluripotent cells.

H3K4 methylation and H3T3/T6 phosphorylation disrupt ADD binding to the H3 N-terminus

Dnmt3 family proteins contain a well-conserved ADD domain (Figure 1A), which binds to
the N-terminus of unmodified H3 and is sensitive to H3 modifications, notably H3K4me3
(Ooi et al., 2007; Otani et al., 2009; Zhang et al., 2010). To assess the molecular interactions
between de novo Dnmts and the H3 N-terminus, we solved the 2.4 A crystal structure of the
ADDg3, in complex with unmodified H3(1-15) peptide (Figure 1B, Figure S1A-C, and Table
1). Unlike a previous study (Otani et al., 2009), in which the H3 N-terminal segment was
covalently fused to the ADD3;, to facilitate co-crystallization, we obtained the complex
crystal by mixing a free H3 peptide with ADD3,4 that in principle reflects a more natural
state between the two binding partners. When we traced the first eight residues, A1-R2-T3-
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K4-Q5-T6-A7-R8, of the bound H3 peptide (Figure 1B), the intermolecular features of
ADDa3, are similar overall to those of the previously reported H3 peptide-ADD3, fusion
protein (Otani et al., 2009). Unmethylated K4 (H3K4me0), but not H3K4me3, forms
multiple hydrogen bonding and electrostatic interactions with three surface residues (D529,
D531, Q534) in the ADD3, pocket. The unmodified T6 residue forms a hydrogen bond with
a nearby glycine (G543) carbonyl oxygen, enhancing ADD3, binding to H3 N-terminus.
Intriguingly, the unmodified T3 residue is adjacent to negatively charged glutamate (E545),
a feature that was not discussed previously.

To assess the impact of histone madifications on ADD binding to the H3 N-terminus, we
performed a series of peptide pull-downs using recombinant ADD from Dnmt3a, 3b, and
3L. In agreement with the homology of the three domains, H3K4me3, H3T3ph and H3T6ph
disrupt the binding of all three ADDs to the H3 N-terminus; however, H3R2me2, H3R8me2,
and H3S10ph are compatible with binding (Figure 1C). Modeling analysis revealed both
steric clashes and electrostatic repulsion between ADD3, and the H3 peptide when a bulky
and negative phosphate group was introduced at either T3 or T6 (Figure 1D). Binding to a
longer regulatory domain (PWWP-ADD) is still disrupted by H3K4me3, H3T3ph, and
H3T6ph but not by H3S10ph, and phosphatase-treated peptides restore PWWP-ADD
binding to the H3 N-terminus (Figure 1E). Thus, in addition to H3K4me3, the
phosphorylation of T3 and T6, but not S10, probably acts as additional “on/off switches”
(Fischle et al., 2003) to control the sites at which Dnmt3a associates with chromatin.
H3T3ph appears exclusively during mitosis (Dai et al., 2005; Markaki et al., 2009) and
H3T6ph occurs mainly during interphase (Garske et al., 2010; Metzger et al., 2010).
Considering that both T3ph and S10ph appear during mitosis, selective disruption by T3ph
may be linked to specific function.

Engineering of ADD3j, alters its binding to methylated H3K4 or phosphorylated H3T3

To investigate the biological significance of the relationship between H3K4me3 and
unmethylated CGl, and the links between H3T3ph/H3T6ph and de novo Dnmts, we
engineered the ADD3, domain to enable it to bind to H3K4me3, H3T3ph, or H3T6ph. We
first sought to mirror the H3K4me3-binding site of the plant homeodomain (PHD) of the
bromodomain PHD finger transcription factor (BPTF) in ADD3, (Figure S1D-G). We
introduced an aromatic cage (D530W, S535W) to stabilize binding to H3K4me3, and added
an acidic residue (G550D) to interact with unmodified H3R2, which has been shown to be
necessary for the binding of BPTF-PHD to H3K4me3 (Li et al., 2006; Wysocka et al.,
2006). This D530W, S535W, G550D triple mutant will hereafter be referred to as “WWD”.
We similarly engineered ADD3, to bind to H3T3ph by replacing a negatively charged
glutamate with a positively charged arginine at position 545 (E545R; hereafter called “R”).
We were unable to engineer a specific ADD3, mutation that binds to H3T6ph.

Structures of the engineered ADD3,4 reveal two independent reading compartments

The co-crystal structure of the ADD3,-wild-type (WT) in a complex with the unmodified H3
N-terminus (1-8) shows its reading modules of H3K4me0 and unmodified H3T3 (Figure
2A-C). Energy minimization-optimized structural modeling of the ADD3,-WWD indicates
that the trimethyl group of H3K4me3 is positioned within an aromatic cage formed by
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S535W, D530W and M548 (Figure 2D, E), contrary to ADD3,-WT. The co-crystal structure
of the ADD3, (G550D) mutant in complex with unmodified H3(1-10) indicates that G550D
forms charge-stabilized hydrogen bonds with H3R2 (Figure S2A), similar to the PHD finger
of BPTF (Figure S1F), thereby stabilizing the binding with H3 (Figure 2D, Figure S2B).
Peptide pull-downs performed with the individual mutations of WWD revealed the relative
importance of each substitution, with S535W identified as the crucial site for H3K4me3
binding (data not shown). The 1.8 A co-crystal structure of the ADD3,-R mutant in complex
with H3T3ph revealed that the arginine substitution (E545R) creates a pair of charge-
stabilized hydrogen bonds with the phosphate group of H3T3ph (Figure 2F, G, and Table 1),
in contrast to ADD3,-WT. These structure studies strongly indicate that ADD3,-WWD and -
R are “insensitive” to H3K4me3 and H3T3ph, respectively.

To determine their structural integrity, we performed circular dichroism (CD) on the wild-
type and mutant ADD3,. All proteins showed characteristic negative ellipticities in the
region of 240 nm and below, indicative of a well-folded structure (Figure S2C). Isothermal
titration calorimetry (ITC) data support the structure-based observation that ADD3,-WT
binding is greatly diminished by H3K4me3 (43 times lower affinity; Kp: 35.6 uM for
H3K4me3 vs. 0.82 uM for H3K4meO0; Figure 2H). By contrast, the WWD mutant is
insensitive to the H3K4 state and binds to the H3K4me3 peptide with a similar affinity as
the unmodified H3 peptide (Kp: 3.8 UM for H3K4me3 vs. 3.3 uM for H3K4meO0; Figure 2I).
Although the binding enthalpy is compromised by the WWD mutations (AH = -10.9
kcal/mol for WT-H3K4me0 vs. —4.9 kcal/mol for WWD-H3K4me3), the recognition of
H3K4me3 by WWD is supported by entropic changes (AS= 8.4 cal/mol/deg for WWD-
H3K4me3 vs. —8.8 cal/mol/deg for WT-H3K4me0), suggesting that favorable hydrophobic
contacts are introduced by the engineered aromatic pocket (Table S1, related to Figure 2).
The R mutant has a similar affinity for the H3T3ph peptide as the unmodified H3 peptide
(Kp: 2.10 pM for H3T3ph vs. 1.45 uM for H3T3; Figure 2J), whereas WT binds the H3T3ph
peptide with 73 times lower affinity (Kp: 59.9 uM for H3T3ph vs. 0.82 uM for H3T3;
Figure 2H). Therefore, ITC results validate the generation of engineered ADD domains with
unique molecular determinants of binding specificity.

The engineered ADD34 mutants act independently and acquire a T3phos/K4methyl switch

To provide additional insight into ADD-mediated interactions with chromatin, we performed
peptide pull-down assays and showed that wild-type and mutants bind only to the extreme
N-terminus of histone H3 and not to any other histone regions (Figure S2D). ADD3,-WT
and R exhibited gradually reduced binding to the H3 N-terminus in the order mono-, di- and
trimethylation of K4. By contrast, the ADD3,-WWD bound all of these methylation states
similarly, suggesting that methylation at H3K4 does not affect WWD binding (Figure 2K).
Focusing on H3T3ph, the binding of ADD3,-WT and WWD is markedly decreased, but R
can bind H3T3 regardless of its phosphorylation status. For the H3T6ph, ADD3,-WT and R
do not bind, but the ADD3,-WWD shows a weak signal similar to wild-type binding to T3ph
or K4me3 (Figure 2K). Importantly, the access of the WWD mutant to H3K4me3 is
disrupted by H3T3ph, and R mutant access to H3T3ph is disrupted by H3K4me3; thus, each
mutant acts independently (Figure 2K, L). These results indicate that both ADD mutants,
unlike endogenous ADD, have distinct binding properties (Figure 2L). Although phos/
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methyl “switching” is well documented for HP1 binding at H3K9me3/S10ph (Fischle et al.,
2005), to our knowledge, no previous study has systematically generated mutants that
perturb these relationships. The insensitivity of WWD and R to modified H3K4 and H3T3,
respectively, is unaffected by other potential H3 N-terminal methylation states such as
H3R2me2 and H3R8me2 (Figure 2K). Moreover, this distinct mutant binding pattern is
maintained in the context of a longer regulatory domain (PWWP-ADD) and a full-length
Dnmt3a protein (Figure S2E-G). Assessment of the wild-type and mutant ADD binding to
native mono-nucleosomes showed the same results as peptides (Figure S2H). Taken
together, our targeted mutational approach therefore transformed the ADD3, domain into a
“reading” module that is insensitive to H3K4 methylation (WWD) or H3T3 phosphorylation
(R) (see summary in Figure 2L).

Generation of epigenome maps in ESCs expressing wild-type and mutant Dnmt3a2

We next sought to develop a cellular system to examine the genomic distribution and the
biological function of wild-type and engineered Dnmt3a mutants. ESCs initiate de novo
DNA methylation and trigger dynamic epigenetic alterations that are required for
developmental variation. ESCs express high levels of de novo Dnmts, particularly a short N-
terminal isoform of Dnmt3a, Dnmt3a2, which is associated with active euchromatin (Chen
et al., 2002). To explore its impact on de novo DNA methylation and gene transcription, we
stably introduced FLAG-tagged, full-length WT or mutant Dnmt3a2 into ESCs lacking all
Dnmts (TKO ESCs) (Tsumura et al., 2006) using the PiggyBac transposon system (Wang et
al., 2008). Clonally derived ESC lines for each WT-, WWD-, and R-Dnmt3a2 have the same
growth rate and show comparable levels of Dnmt3a2 mRNA and protein expression without
global changes in H3K4me3 (Figure S3A, B). Notably, the expression of the WWD mutant
was somewhat lower (~2-fold by RT-qPCR) due to fewer instances of transposition.
Sequence analysis of the integration sites revealed that the ectopic genes are located in intra-
or intergenic regions, verifying the legitimacy of the clones.

To quantitatively measure genome-wide Dnmt3a2 binding and activity, ESC lines were
subjected to chromatin immunoprecipitation followed by high-throughput DNA sequencing
(ChlP-seq). Genomic maps of DNA methylation at single-base, CpG (cytosine) resolution
with enriched CGI were obtained using an enhanced form of reduced representation bisulfite
sequencing (RRBS). In parallel, genome-wide transcription profiles were determined using
RNA-seq. After verifying the correlation between biological replicates (Pearson’s r > 0.95,
see Extended Experimental Procedures, Table S2 related to Figure 3, and Figure S3C-E), we
performed a data analysis.

Altered binding and activity of WWD-Dnmt3a2 in the ESC genome extends to H3K4me2/3

loci

Globally, H3K4me3 is often coincident with CGI and marks ~75% of transcription start
sites (TSS) in mammalian cells (Mikkelsen et al., 2007; Guenther et al., 2007). We therefore
asked whether the binding of the WWD mutant is increased at TSS as a result of its acquired
ability to recognize H3K4me3. ChIP-seq reads over all ESC transcribed genes (n = 23,935)
revealed that WWD-Dnmt3a2 shows a higher signal at TSS and up to transcription end site
(TES) compared with WT- and R-Dnmt3a2 (Figure 3A, left). Matched ChlP-seq reads of
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H3K4me3 show a prominent enrichment at TSS although the signals in both WWD and R
are mildly decreased (Figure 3A, right), suggesting a common change that is responsible for
maintaining H3K4me3 levels. Next, we segmented the genome enriched in each H3K4
methylation state (H3K4me1/2/3) using ENCODE/LICR data (Shen et al., 2012) and
profiled ChlP-seq signals of each Dnmt3a2. Wild-type and R-Dnmt3a2 show a graded
decrease in genomic regions containing H3K4mel, me2, and me3; however, WWD-
Dnmt3a2 demonstrates similar levels in all the regions, directly reflecting the insensitive
binding properties of WWD (Figure 3B; WT versus WWD:; p < 2.2 x 10716; Wilcoxon rank-
sum test). WT- and R-Dnmt3a2 are enriched at inter/intragenic regions, consistent with their
binding to the unmodified H3 N-terminus. WWD-Dnmt3a2 binding is relatively decreased
in inter/intragenic regions (Figure 3B), consistent with its lower expression and lower
binding affinity to the unmodified H3 N-terminus (Figure S3A and Figure 2H, 1,). Given
that these regions occupy a large portion of the genome, the lower binding of WWD to the
unmodified H3 and intra/intergenic regions could be coupled to a positive aspect to binding
that directs the WWD mutant to TSSs and other K4 methylation-enriched regions (see
Discussion). ChIP-qPCR validation at individual loci confirmed an increase in WWD-
Dnmt3a2 binding at H3K4me3 peaks/CGl, but not at adjacent sites upstream/downstream (x
2kb) of the tested peaks, nor at gene deserts (Figure S3F, G).

Global levels of CpG methylation (mCpG) correlate with Dnmt3a2 expression. In WT and
R, ~41% of CpG are methylated, whereas it drops to ~26% and 0.6% in WWD and TKO,
respectively (= 10x reads coverage, minimal CpG methylation level of 5%). When we
compare mCpG levels between WT and the mutants, all differences were locus-specific and
relatively modest, and the distribution of mCpG overall mirrored the protein binding of
Dnmt3a2. Specifically, at H3K4me3 peaks, hypermethylated mCpG in WWD were more
abundant than those in R, whereas at inter/intragenic regions, hypermethylated mCpG in R
outnumbered those in WWD (=10x reads coverage across samples; mCpG = 25% relative to
WT; WWD versus R; p < 2.2 x 10716; Figure 3C). Assembled data at selected loci illustrate
that WWD-, but not WT- or R-Dnmt3a2, colocalizes with H3K4me3 peaks and increases
DNA methylation at CGI with only a minor perturbation, if any, of gene transcription
(Figure S3H). Taken together, these genome-wide results support the biochemical properties
of the engineered ADD3, domain.

Developmental genes, but not housekeeping genes, are sensitive to DNA
hypermethylation at TSS

To dissect the WWD bound loci, we further segmented the H3K4me3 peaks (n = 25,943)
according to WWD-Dnmt3a2 read densities (K-means clustering), and classed them into
Groups 1, 2 and 3 representing high, moderate, and low enrichment of WWD-Dnmt3a2,
respectively (Figure 3D). Group 1 loci, defined by a high signal of WWD-Dnmt3a2,
includes ~20% of H3K4me3 peaks (n = 5,269) and exhibits significantly increased levels of
hypermethylation at mCpG in WWD compared with WT and R (=10x reads coverage across
samples; mCpG relative to TKO; p < 2.2 x 10716; Friedman rank-sum test; Figure 3E).
Group1 also shows a higher H3K4me3 and lower H3K27me3 enrichment in all ESC lines
(shown by ChIP-seq in WWD; Figure 3F), which is compatible with an antagonism between
H3K27me3 and DNA methylation (Lister et al., 2009; Meissner et al., 2008). Group 1-
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linked genes (TSS located within + 1kb peaks; n = 3,583) are associated with metabolic
processes, translation and embryo development (Figure 3G), suggesting that mainly active
housekeeping genes and a subset of developmental genes are accessible to WWD-Dnmt3a2.
No specific DNA sequence elements were found at the WWD-Dnmt3a2-bound loci (data
not shown). Group 2 showed intermediate enrichment of H3K4me3 and H3K27me3, and
included more developmental genes, and Group 3 — containing the most bivalent genes —
exhibited a lower H3K4me3 and higher H3K27me3 enrichment (Figure 3F). Thus, the
engineered WWD-Dnmt3a2 acquires the ability to bind to H3K4me3, apparent in Group 1,
although the lack of WWD enrichment at Group 3 peaks suggests that other aspects of the
chromatin environment (e.g., H3K27me3, other chromatin-associated factors, etc.) have an
effect in vivo.

To correlate gene expression with the matched group, we selected the genes associated with
H3K4me3 peaks (TSS located within + 1kb peaks; Group 1, n = 3,583; Group 2, n = 5,152;
Group 3, n = 3,940) and measured average transcript levels in the wild-type and mutant
ESCs. WWD-Dnmt3a2 does not lower average gene expression levels in Group 1 (Figure
3H) consistent with the safeguarding property of the ESC state against epigenetic
transformation (Gifford et al., 2013; Xie et al., 2013). Alternatively, the relocation of WWD-
Dnmt3a2 and the subsequent DNA hypermethylation might be insufficient to trigger
transcriptional changes in actively expressed housekeeping genes. Interestingly, when we
examined developmental genes (n = 377) belonging to Group 1, a significant decrease in
gene expression was observed (WT versus WWD; p < 2.2 x 10716; Figure 31), suggesting
that they are more susceptible to epigenetic changes. H3K4me3 levels are decreased in these
genes in both WWD and R mutants, correlate with their general reduction. The H3K27me3
level is modestly increased in ESCs expressing the WWD mutant (WT versus WWD; p =
0.012; Figure 31), but not R. Thus, WWD-Dnmt3a2 binding to CGI increases DNA
methylation, which may in turn increase H3K27me3. These two epigenetic signals could
contribute to a decrease in gene expression in the WWD mutant.

Gene expression decrease and DNA hypermethylation at promoter CGl intersect at a
subset of developmental genes

To analyze the gene expression effects more thoroughly, we performed unbiased RNA-seq
comparisons with WT, WWD, and R. As shown in a heat map, we revealed a
downregulation of 724 and an upregulation of 375 genes in the WWD mutant and a
downregulation of 26 and an upregulation of 24 genes in the R mutant (1.5 fold change; q <
0.05; FDR-adjusted p value; Figure 4A). Further validation of multiple hits by RT-gPCR
(Figure S4A, 4E) indicates a strong positive correlation between the RNA-seq analysis and
the RT-gPCR (18 out of 20 genes). In parallel, we unbiasely choose significantly
hypermethylated mCpG in the WWD and R mutants relative to WT and annotated their
locations in the genome. 32% and 56% of hypermethylated mCpG overlap with promoter
CGlI and non-promoter CGI respectively in WWD, whereas only 14% of hypermethylated
mCpG in R overlap with any CGI (Figure 4B). Bisulfate mass array of the target CGI
validated modest but significant locus-specific hypermethylation (e.g., Socs3, Figure S4B;
other loci are averaged, Figure S4C). Levels of mCpG in R-Dnmt3a2 are similar, but not
identical to WT-Dnmt3a2, and interestingly, 26% of hypermethylated mCpG in R overlap
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with repeat elements. Thus, we conclude that relative to WT, WWD- and R-Dnmt3a2 are
recruited to distinct genomic regions of H3K4me3peak/CGI and repeat/mCpG, respectively,
and induce a modest increase of de novo hypermethylation therein.

In WWD-Dnnmt3a2 ESCs, identifying the genes with both decreased expression and
hypermethylated CGI at their promoters produced a subset of “DNA methylation-sensitive”
genes (n = 239 out of 724 downregulated genes in WWD; Figure 4C), which include a
number of genes involved in cell-lineage specification (e.g. Msx2, Fgf5, Encl, and Bmp3).
A gene ontology (GO) analysis indicates that 239 genes are highly associated with
developmental processes (Figure 4D), involved in ectoderm and mesoderm development. In
contrast, we failed to identify a gene in R-Dnnmt3a2 ESCs that exhibited decreased
expression and hypermethylated CGI at the promoter, consistent with the infrequent binding
of R-Dnmt3a2 to promoter CGI. Our finding that 33% of downregulated genes in WWD-
Dnmt3a2 coincide with the occurrence of CpG hypermethylation at the promoter CGI
suggests that WWD-Dnmt3a2-mediated epigenetic changes contribute to transcriptional
output in ESCs.

Additional catalytic mutation abolishes the downregulation of developmental genes in

WWD

Thus far, our data demonstrate that engineered Dnmt3a2, particularly WWD-Dnmt3a2,
redistributes within the genome, induces a modest “ectopic” CGI methylation, and perturbs
a subset of developmental genes. We next wanted to determine whether the changes in gene
expression are caused by WWD-Dnmt3a2 activity. To this end, we generated additional
mutants that combine a catalytic mutation in the full-length WT-, WWD-, and R-Dnmt3a2
and examined the expression of developmental genes targeted by WWD-Dnmt3a2 (Figure
4E-G, gray bars) in a parallel set of catalytic mutants (Figure 4E, blue bars). A previous
study of a DNA methyltransferase reported that a single replacement of cysteine at position
706 by a serine (C706S) abolished its catalytic activity (Hsieh, 1999; Wyszynski et al.,
1992). We found that additional catalytic mutations indeed revert the gene-expression
decrease in the WWD mutant (Figure 4E, blue bars, shown with C706S). Together, these
results support the conclusion that the gene-expression defects are indeed caused by DNA
methylation.

A Dnmt3a2 mutant insensitive to H3K4 methylation state leads to a major defect in ESC
differentiation

Given the disruption of developmental gene expression observed in WWD-Dnmt3a2, we
next assessed the ability of WT vs. mutant Dnmt3a2 ESCs to differentiate in culture and
form teratomas. We first induced ESCs to differentiate into neuronal precursors cells (NPCs)
(Bibel et al., 2007) and compared the resulting lineages by profiling the expression of
lineage-specifying genes. After 8 days of differentiation, the expression of self-renewal
genes such as Oct4 and Nanog was markedly decreased similarly across all of the NPCs
(Figure S5A). However, the expression of genes required for ectoderm and mesoderm
differentiation, such as Neurog2 and Sox9, were significantly impaired in WWD-, but not in
R- nor WT-Dnmt3a2-expressing NPCs. Concurrently, Cdx2 (a marker for extraembryonic
tissues) expression was increased in the WWD mutant without changes in other lineage-
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specific markers (e.g., Runx1; hematopoietic lineage, Oligl; glial lineage) (Figure 5A and
S5A).

We next conducted in vivo teratoma formation with WT and mutant ESCs. Control
teratomas derived from wild-type J1 parental ESCs show representative populations of the
three germ layers, ectoderm, mesoderm, and endoderm (Figure 5B, C), whereas TKO ESCs
were unable to form visible teratomas (Figure S5B). TKO ESCs expressing Dnmt3a2 gave
rise to teratomas despite their slow formation compared to the J1 parental line (3 weeks
versus 5 weeks; Figure S5B). Interestingly, WT-Dnmt3a2 produced ectoderm and
mesoderm, but not endoderm, whereas the ability of WWD- and R-Dnmt3a2 to specify
lineage was reduced, resulting in 60% and 40% undifferentiated cells respectively
(compared to ~10% of undifferentiated cells in WT; Figure 5B, C). These results indicate
that mutant Dnmt3a2 alters the epigenetic landscape in ways that cause defects in lineage
commitment during ESC differentiation and in a teratoma assay.

Because WWD-Dnmt3a2 expression is lower than WT and R-Dnmt3a2, we next set out to
determine if the cell-lineage defects in the teratoma are merely due to the hypomethylation
of mCpG in inter/intragenic regions. We prepared matched lines (WT, WWD, R) in a
normal C57BI/6 (C6) ESC background containing all Dnmts and repeated the teratoma
assay. Similar to the results obtained in the TKO background, teratomas derived from
WWD-Dnmt3a2-expressing C6 ESCs demonstrated an increase in undifferentiated cells
(20% compared to 5% in WT; Figure S5C) and the presence of extra-embryonic tissue.
Notably, in those C6 ESC-derived teratomas, the ectodermal defect was modest compared to
the TKO ESC-derived teratoma, suggesting that non-promoter DNA methylation by Dnmt3a
is necessary for neuro-ectodermal differentiation. A previous report (Wu et al., 2010) also
supports this point. Taken together, these results indicate that inter/intragenic
hypermethylation is required for ectodermal differentiation of ESCs and that promoter CGI
hypermethylation mediated by WWD at key developmental genes probably leads to defects
in differentiation potential.

A Dnmt3a2 mutant insensitive to H3T3 phosphorylation increases chromosomal instability

Previous studies indicate that H3T3ph is found at mitotic centromeres and attracts the
chromosome passenger complex (Kelly et al., 2010; Wang et al., 2010; Yamagishi et al.,
2010). In agreement with these data, ChIP-gPCR analysis of the ESCs showed that H3T3ph,
but not H3T6ph nor H3S10ph, is significantly enriched in minor satellite repeats indicative
of centromeres (Figure 6A). As H3T3ph occurs exclusively during mitosis, we hypothesized
that R-ADD3, might bind to mitotic H3T3ph and be retained at mitotic chromosomes
including centromeres. To test this idea, we performed co-immunofluorescence of
metaphase chromosomes with antibodies against H3T3ph and tagged Dnmt3a2. High levels
of H3T3ph were located at DAPI-dense centromeric regions consistent with ChlP-qPCR.
Both R- and WT-Dnmt3a2 were densely localized at pericentromeric regions where reduced
levels of H3T3ph appear (Figure 6B). Interestingly, R-Dnmt3a2, but not WT-Dnmt3a2,
occasionally colocalized with H3T3ph at centromeric regions (see arrows in Figure 6B,
quantification in Figure 6C). To gain insight into the functional relationship between
H3T3ph and Dnmt3a2, we focused on genes that are mis-regulated in the R mutant and
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discovered that few genes linked to chromosome segregation and fertility (e.g., Smclb,
Rhox2, Usp26) are selectively downregulated in R-, but not WWD-Dnmt3a2.

Given that R-Dnmt3a2 results in a defect in chromosome segregation genes and mis-
localizes to mitotic centromeres, we next evaluated whether the R mutant exhibited signs of
genomic instability. To examine the number and appearance of chromosomes, we conducted
karyotype analyses with passage-matched ESCs (< 8 passages after establishing ESC lines).
All ESCs possessed a partial duplication on passage 8 (asterisk, Figure 6D) resulting from
an interstitial inverted duplication in the background line (TKO), and some loss of the Y
chromosome (Figure 6E). Whereas the karyotypes of TKO, WT- and WWD-Dnmt3a2 seem
relatively homogenous and stable (Figure 6D), we observed a number of chromosomal
abnormalities in R-Dnmt3a2 (Table S3, related to Figure 6). Specifically, mitotic
chromosome spreads from ESCs expressing R-Dnmt3a2 were heterogeneous and exhibited
trisomies and Robertsonian fusions (see arrows in Figure 6D) indicative of centromeric
dysfunction. These results support that in ESCs expressing R-Dnmt3a2, chromosome pairs
fail to separate properly during mitosis.

DISCUSSION

Despite considerable progress, much is unknown concerning how the interplay between
histone and DNA modifications affects the stable epigenetic states that underlie normal
cellular differentiation, and whether aberrant links between these two distinct modes of
epigenomic variation contribute to abnormal cellular and developmental outcomes. Using
molecular engineering and genome-wide approaches, we show that the ADD domain of
Dnmt3a is capable of sensing, and therefore integrating, the status of multiple H3
modifications (e.g. H3K4me3, H3T3ph, and H3T6ph) that, in turn, dictates the in vivo
localization of full-length Dnmt3a2. To our knowledge, this study is one of the first to
systematically engineer a “reader pocket” such that it redirects a downstream “writer” to
new genomic loci with important biological downstream consequences.

In addition to the sensitivity of ADD3, to H3K4me3 and H3T3ph, its binding affinity for the
unmodified H3 N-terminus is crucial for the in vivo distribution and function of Dnmt3a2.
Our results suggest a double-guard model in which the ADD3, domain maintains the global
distribution of Dnmt3a2: first, the higher affinity of ADDs3, for the unmodified H3 N-
terminus anchors Dnmt3a2 to large domains of inter/intragenic chromatin regions. Second,
when it is somewhat mobile, wild-type ADD3, avoids H3K4me3/CGI maintaining relative
enrichment in inter/intragenic regions. We envision that our engineered WWD mutant alters
this balance such that its binding to the unmodified H3 N-terminus (0.82 uM in WT vs. 3.3
UM in WWD) is equal to its binding to H3K4me3 (35.6 pM in WT vs. 3.8 uM in WWD)
(see Figure 2H, 1), leading to a change in the overall localization of Dnmt3a2. Given that the
size of inter/intragenic regions far exceeds that of H3K4me3/CGl, we suggest that wild-type
and R mutant bind to the unmodified H3 N-terminus with higher affinity and so have less
opportunity to relocate. Alterations in this balance, leading to even modest changes in de
novo DNA methylation, may contribute to human pathologies, as mutations in ADD3, are
found in numerous diseases such as acute myeloid leukemia (Yan et al., 2011) and
overgrowth syndrome associated with intellectual disability (Tatton-Brown et al., 2014). To
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our knowledge, the exact mutations engineered in our study have not yet been associated
with disease.

Previous studies have shown that the frequency of promoter CGI and its length correlate
with the timing of developmental gene expression in ESCs. Specifically, genes preferentially
expressed in early embryonic lineages tend to contain more CGI at their promoters than
genes expressed at relatively late stages of development (Xie et al., 2013). Furthermore,
somatic-tissue-specific promoters are marked by CpG-poor sequences (Schug et al., 2005).
In line with this classification, our results show that WWD-Dnmt3a2 preferentially binds to
a subset of promoter CGI with higher H3K4me3 and lower H3K27me3 enrichment at genes
associated with early embryonic lineages (e.g., Msx2, Fgf5, Encl, and Bmp3), resulting in
modest “ectopic” DNA methylation and subsequent reduction in gene expression. With that
said, we do not observe clear evidence of transcriptional silencing in highly expressed
housekeeping genes, indicating that a modest level of newly acquired promoter
hypermethylation may not be sufficient to repress genes that are maintained in a strongly
expressed state.

Interestingly, we found that WWD-mediated hypermethylation of CpG at H3K4me3/CGl
loci is generally less efficient (< 30%) than at intergenic regions (= 60%). This result
suggests that H3K4me3/CGl loci are refractory to de novo Dnmt3a2 action, which is
probably the result of a number of contributing factors including DNA demethylation (e.qg.,
methyl-cytosine oxidation; Figure S4D) (Wu and Zhang, 2014), competition for binding
with other regulatory proteins/complexes, and other Dnmts such as Dnmt3L. Dnmt3L, a
catalytically inactive Dnmt3, is abundantly expressed in TKO and the established ESC lines.
Dnmt3L is known to interact with Dnmt3a/3b (Jia et al., 2007; Jurkowska et al., 2011) as
well as Dnmt3a2 (Ooi et al., 2007). Given that ADD3 binding to the H3 N-terminus is
disrupted by H3K4me3 (Ooi et al., 2007) (Figure 1C) and Dnmt3L incorporation stimulates
Dnmt3a2 enzymatic activity (Gowher et al., 2005; Kareta et al., 2006), Dnmt3L itself may
facilitate WT-, WWD-, R-Dnmt3a2 binding/activity to unmodified H3, limiting WWD-
Dnmt3a2 access to H3K4 methylation. Dnmt3L has also been reported to exist in a complex
with polycomb repressive complex 2 (PRC2) at bivalent promoters enriched with PRC2,
H3K27me3, and H3K4me3 (Neri et al., 2013). This may further limit access of the WWD-
Dnmt3a2 at these bivalent loci.

ADDa3, repels both H3K4 methylation and H3T3 phosphorylation using two separate surface
regions, suggesting that these modifications act independently to influence DNA
methylation patterns. Our genome-wide and functional results with engineered mutants
provide strong evidence that these two H3 modifications instruct Dnmt3a2 during different
cellular processes. H3T3ph exclusively occurs during mitosis and removes multiple reading
modules that bind to the H3 N-terminus and H3K4me3 (Garske et al., 2010). H3T3ph
attracts the chromosome passenger complex to mitotic centromeres (Kelly et al., 2010;
Wang et al., 2010). Mitotic H3T3ph, as with other well studied mitotic phosphorylation sites
(e.g., H3S10ph), serves as a general “off switch” for the ejection of key downstream
chromatin enzymes and complexes (Oliver and Denu, 2011) that contribute to proper
kinetochore function and faithful chromosomal segregation. Our results suggest that
Dnmt3a2 should be added to the list of ejected proteins during mitosis, particularly at
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centromeric regions. In the H3T3ph-insensitive Dnmt3a2 mutant (R-Dnmt3a2), we report
chromosomal abnormalities not exhibited by WT nor WWD (Figure 6D, E). We suggest that
R-Dnmt3a2 is not properly “ejected” by a H3T3ph-driven mechanism, and that this removal
is crucial for proper chromatin segregation. Interestingly, H3S10ph, which also abundantly
occurs during mitosis, does not disrupt ADD (and PWWP-ADD) binding whereas H3T6ph
did (not studied here due to our inability to design a binding mutant). H3K9me3 does not
affect ADD binding (Ooi et al., 2007; Otani et al., 2009), so it is likely that ADD3, acts
primarily to sense “front-end” H3T3 and H3K4 modifications.

In summary, guided by a structure-based approach, our engineering of the ADD domain of
Dnmt3a provides informative insights into the role that histone modifications play in
establishing downstream patterns of DNA methylation in ESCs. We demonstrate the
biological significance of exquisite DNA methylation-histone links that are essential for
proper differentiation and development, as well as chromosome stability and segregation.
We anticipate that this approach will be broadly applicable for the elucidation of epigenetic
networks altered by “reader” mutations, whether introduced artificially or naturally in
human diseases.

EXPERIMENTAL PROCEDURES

Protein Preparation

The ADD domains encompassing residues 479-610 or 476-611 of human Dnmt3a were
cloned into pGEX-6p-1 vector with an N-terminal GST tag. All mutant ADD3a were
generated by the QuickChange site-directed mutagenesis kit (Stratagene) in the frame of
Dnmtsa476-611) @nd were verified by sequencing. The purification procedures of these
mutant proteins were essentially the same as that of the wild type protein. The constructs
were overexpressed in E. coli BL21 (DE3) strain (Novagen). After overnight induction with
0.2 mM isopropyl B-D-thiogalactoside at 16 °C in LB media, cells were harvested and
disrupted by the EmulsiFlex-C3 homogenizer (Avestin). After centrifugation, the
supernatant was loaded into GST affinity column. Bound proteins were eluted with 20 mM
glutathione and cleaved using PreScission protease. The GST tag was removed by anion
exchange chromatography on Q column, and the ADD3, domain protein was finally purified
by size-exclusion chromatography on Hiload 16/60 Superdex 75 column (GE Healthcare) in
20 mM HEPES-Na pH 7.5, 100 mM NaCl. The peak fractions were concentrated to about
10-15 mg mlI~1 for crystallization.

Peptide pull-down assays

Biotin-conjugated histone peptides were incubated overnight at 4 °C with High Capacity
Streptavidin Agarose (Pierce) and washed five times to remove unbound peptides. For the
pull-downs of the wild type and mutant Dnmt3a-ADD proteins, 10 pl of packed peptide-
Streptavidin resins were incubated with 50 pg protein for 4 hours at 4 °C in buffer
containing 20 mM Hepes pH 7.9, 150 mM KClI, 0.01% NP-40, 10% glycerol, 5mM BME,
0.4mM PMSF, and protease inhibitors (Roche). After extensive washing, proteins bound to
the beads were eluted with buffer at pH 2.5, separated by SDS-PAGE, and examined by
Coomassie blue staining.
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WT/mutant Dnmt3a2 ESC generation and NPC differentiation

The coding sequence of Dnmt3a2 was amplified from pCMV6-Dnmt3a (MC200622,
OriGene) and subcloned into pBluescriptKsS. Plasmids encoding mutant Dnmt3a2 were
made from pBluescriptKS-Dnmt3a2 by site-directed mutagenesis. Each plasmid construct
was verified by DNA sequencing. WT and mutant Dnmt3a2 cDNAs were amplified by PCR
from pBluescriptKS-Dnmt3a2 with the sense primer introducing a 3x FLAG and a Xbal site
at its 5’end and the antisense primer a BamHI site. The reaction products were digested with
the corresponding enzymes and ligated into the PiggyBac-EF1-ires-GFP vector (System
Biosciences). To generate WT/mutant Dnmt3a2 ESCs, TKO ESCs were seeded on a 6-well
plate at a density of 1x10° cells and the next day the cells were transfected using FugeneHD
(Roche) with 2 pg of PiggyBac-EF1-Dnmt3a2-ires-GFP and 0.8 g of PiggyBac transpose
vector. GFP positive cells were selected after 3 days with BD FACSAriall-2. After single
cell or bulk sorting, ESCs were immediately plated onto feeders and expanded for further
studies. To perform the subsequent experiments, feeders were removed and ESCs were
cultured for at least two passages on gelatin-coated plates. ESCs were differentiated into the
NPC through embryoid body formation for 4 days, followed by treatment with 5 uM retinoic
acid for additional 4 days.

Detailed materials, crystallization, data collection and structure analysis, Isothermal titration
calorimetry measurements, ChlP-seq, RRBS and RNA-seq data analysis and validation
experiments are described in Supplementary Information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

ADD binding is disrupted by H3K4me3, H3T3ph, and H3T6ph.

A, Domain architecture of the Dnmt3 family proteins. B, Recognition of an unmodified
H3(1-8) peptide by the wild-type (WT) ADD3,. The histone H3 peptide is shown in yellow,
side chains of the residues that comprise the binding pocket are shown in pink, small red
balls are waters. C, Peptide pull-down assays with Dnmt3a-, 3b-, 3L-ADD and modified H3
peptides as indicated. D, Structural models of the WT-ADD3, in complexes with either
H3T3ph or H3T6ph. Green disks indicate steric clashes. E, Peptide pull-down assays with
WT-PWWP-ADD3, and modified H3 peptides with or without phosphatase treatment.
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Figure 2.
Targeted ADD3, mutations acquire additional binding ability towards H3K4me3 or

H3T3ph.

A-C, Complex structures of the WT-ADD3, domain bound to H3(1-8) peptide. In all of the
panels, the peptide is shown in yellow (A). Close-up views of H3K4me0 binding pocket (B)
and the residue E545 surrounding H3T3 (C). D, E, Structural model of the WWD-ADD3,
domain in complex with the H3K4me3 peptide. The mutated residues (D530W, S535W, and
G550D) are shown in cyan (D). Close-up view showing the positioning of H3K4me3 within
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an aromatic cage (E). F, G, Complex structure of the R-ADD3, domain bound to
H3(1-8)T3ph peptide. The mutated residue (E545R) is shown in cyan (F). Close-up view of
H3T3ph binding residue (G). H-J, Isothermal titration calorimetry (ITC) curves for WT-
(H), WWD- (1), and R-ADD3,4 (J) with H3(1-15) peptides containing various modifications.
K, Peptide pull-down assays with WT-, WWD-, R-ADD3, and modified H3 peptides. L,
Schematic summary of the results obtained in the pull-down assays.
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Figure 3.

R

WWD-Dnmt3a2 exhibits a relative loss of the signal at inter/intragenic regions but
significant gain in H3K4me2/3
A, ChlP-seq profiles of WT and mutant Dnmt3a2 (left) and matched H3K4me3 (right) at

transcribed genes in ESCs. B, Average ChlP-seq profiles of WT and mutant Dnmt3a2
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t
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binding at genomic regions enriched for each H3K4 methylation or inter/intragenic regions.
Gray lines indicate the H3K4me3/2/1 peaks and inter/intragenic regions. C, Distributions of
hypermethylated mCpG sites in WWD and R compared to WT (mCpG; =10x% reads
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coverage across samples; = 25% relative to WT). D, Levels of ChlP-seq enrichment of WT
and mutant Dnmt3a2 in groups divided with the density of WWD-Dnmt3a binding.
H3K4me3 peaks were assigned to Groups 1, 2 and 3 based on high, moderate and low levels
of WWD-Dnmt3a2 binding, respectively using K-means clustering. E, Hypermethylated
mCpG frequency in WT-, WWD-, or R-Dnmt3a2, compared to TKO at the matched groups.
F, Average H3K4me3 and H3K27me3 ChiIP-seq profiles of Groups 1, 2 and 3, obtained
from WWD-Dnmt3a2-expressing ESCs. G, Gene ontology (GO) classification of the Group
1 genes (n = 3,583). H, RNA-seq analysis of the genes associated with the matched groups.
I, RNA-seq analysis (left), H3K4me3 ChlP-seq (middle), and H3K27me3 ChiP-seq (right)
of the embryonic developmental genes (n = 377) belong to Groupl. Fragments Per Kilobase
of exon per Million fragments mapped (FPKM). ChlIP-seq read counts on the y-axis are
normalized to 10 million reads. Box plots show the central 50% of the data (filled box), the
median (central line) and 1.5x the interquartile range (whiskers). ****p < 2.2 x 10716 *p <
0.05.
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A subset of developmental genes downregulated in WWD-Dnmt3a2 coincides with mCpG
hypermethylation in promoter CGl.
A, Heat map representation of the differentially expressed genes (1.5 fold change, FDR <
0.05) in wild-type and mutant Dnmt3a2 ESCs. Scale bar shows the color-coded differential
expression from the mean with red and green indicating higher and lower expression,
respectively. B, Genomic distribution of hypermethylated mCpG sites in ESCs expressing
WWD or R compared to WT (mCpG; =10x reads coverage across samples; p < 0.05 relative

o
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to WT). C, Fraction of downregulated genes overlapping with hypermethylated CGI (dark
grey) at the promoter. D, Gene ontology (GO) classification of genes that had
hypermethylated CGI at the promoter and were downregulated in WWD compared to WT
and R. E, RT-gPCR analysis of the developmental genes (Msx2, Fgf5, Encl, Bmp3) in wild-
type and mutant Dnmt3a2 (grey bars), and additional catalytic mutation-expressing ESCs
(blue bars, denoted as M). Relative expression levels are normalized to Gapdh and the level
of gene expression in the wild-type Dnmt3a2-expressing ESCs is set as 1. Cdkn2b serves as
a non-developmental gene showing the WWD mutant enrichment at promoter CGI without
transcript changes. Data are mean + s.d., n = 3. F, Dnmt3a2 ChlIP-qPCR analysis at
promoter CGI of the indicative genes. G, H3K4me3 ChIP-gPCR analysis at promoter CGI
of the indicative genes. Data are represented as a percentage of input DNA. Data are mean +
s.d.,n=3.*p<0.05.
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Figure 5.
Changes in Dnmt3a2 location and function affect lineage specification in ESCs.

A, Relative expression levels of lineage-specific genes in TKO, WT-, WWD- and R-
Dnmts3a ESCs. Error bars are s.e.m. of three experiments, *p < 0.05. B, Images of
hematoxylin and eosin (H&E)-stained cross sections of teratomas. C, Quantification of
differentiated lineage portions of the sections of teratomas (average of 4 teratomas from J1,
WT-, WWD-, R-Dnmt3a2). Teratomas were evaluated by a pathologist for the
differentiation of the injected ESCs into derivatives that correspond to the three germ layers.
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Figure 6.
The R-Dnmt3a2 mutant insensitive to mitotic H3T3ph causes chromosomal abnormalities.

A, ChIP-gPCR of H3T3ph, H3T6ph, and H3S10ph signals in repeat regions. Error bars
represent s.e.m. of three experiments, *p < 0.05. B, Immunofluorescence of metaphase
chromosomes reacted with antibodies against H3T3ph (green) and FLAG-tagged WT- or R-
Dnmt3a2 (red). Arrows indicate pericentromeric and centromeric regions. Scale bar, 5 pm.
C, Quantification of FLAG signal colocalized with H3T3ph at DAPI-dense regions (counts
are based on 11~12 metaphase cells in individual clones). D, Representative karyotype
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images of WT- or R-Dnmt3a2-expressing ESCs. Asterisks in left “WT” and in right “R”
mark a partial duplication on chromosome 8. Arrows in right “R” indicate Robertsonian
fusion on chromosome 5 and trisomies on chromosome 11. E, Changes in chromosome
numbers in ESCs expressing WT-, WWD-, or R-Dnmt3a2 (counts are based on 36~40
metaphase cells in individual clones). *p < 0.0001, Pearson’s Chi-squared test.
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Table 1
Data Collection and Refinement Statistics

ADD3,(479-610) ADD34(476.611)(G550D)  ADD3,(476-611)(E545R)
-H31.15 -H31.10 -H31.10T3ph

Data Collection
Wavelength (A) 0.9792 0.9793 0.9792
Space group P2, P1 P3,21
Cell dimensions

a,bc (A) 41.6,56.4,57.3 36.1, 37.2,50.1 57.3,57.3,71.9

a, fy(°) 90, 90.3, 90 78.7,83.9, 81.6 90, 90, 120

Resolution (A)

50-2.4 (2.46-2.40)%

50 -1.9 (1.93 -1.90)

50-1.8 (1.83-1.80)

No. reflections 10,329 19,077 13,010
R sym 11.7 (41.0) 9.6 (58.5) 9.1 (63.3)
1ol 13.3(2.5) 23.3(3.1) 26.1(6.4)
Completeness (%) 99.9 (99.4) 96.7 (96.0) 99.4 (99.1)
Redundancy 4.8 (4.1) 4.4 (4.3) 5.9 (6.0)
Refinement
Resolution (A) 50-2.4 50-1.9 50-1.8
Ruwork/Rfree 17.4/23.0 18.1/22.5 16.7/20.3
No. atoms

Protein 2126 2160 1097

Ligand/ion 65/6 106/6 57/8

Water 104 216 125
B-factors (A?)

Protein 29.8 214 25.9

Peptide/Zinc ion 44.2/23.6 26.1/16.9 25.1/16.6

Water 30.2 29.2 33.0
R.m.s. deviations

Bond lengths (A) 0.009 0.008 0.011

Bond angles (°) 1.26 1.09 1.37

a . . . . .
Highest resolution shell is shown in parenthesis.
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